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1 Introduction 


Since the beginning of the standard model’s (SM’s) construction based on the 
SU{3)c^ SU{2 )l<^U{1)y gauge group |jl[ people realized it had drawbacks^ 
However, almost three decades after its birth (and two after Glashow’s lec¬ 
ture) the SM seems to be in good shape. It appears that this model de¬ 
scribes fundamental electroweak and strong interactions very well and it is 
hard (till now impossible) to hnd out something extraordinary, non-standard 
in nature|. The experimental data has become incomparably better, but the 
theory has remained essentially unmodified. 

So, to find out anything beyond the SM, high-energy physicists go gen¬ 
erally in one of two directions. First, they are continually improving ex¬ 
perimental precision. It’s a common belief that with the shrinking error in 
measurements, some experimental data can finally appear outside its SM 
value. Second, they use higher and higher energies in experiments. As an 
illustration of the hrst approach, let’s consider the LEPI program where 
till the end of 1995 better and better precision of measurements has been 
achieved. The pay-off for this was, however, unexpected. It appeared that 
some ‘strange’ phenomena from the macro-scale world started to be impor¬ 
tant in par-excellence micro-world experiment as the LEPI is, too. Falling 
rains, passing trains and the Moon’s (and the Sun’s) attraction (some people 
even joke that the LEPI produced the hrst evidence for gravitational force 

^S. Glashow, one of the founders of this model, said at his Nobel lecture: ‘Let me stress 
that I do not believe that the standard theory will long survive as a correct and complete 
picture of physics’ ||]. 

^Maybe with two exceptions. The Rb parameter in LEPI at CERN, is about 1.8 cr above 
its SM’s value (the situation warmly invited by advocators of theories with supersymmetric 
extensions of the SM [||) and the LSND experiment 0 for which the most probable 
interpretation is that non-vanishing neutrino mass is for the first time observed there. 
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unification) have influenced and disturbed data collection p. So, most prob¬ 
ably, in the future higher energies and new machines will be necessary if we 
are going to investigate fundamental interactions and make any progress in 
high-energy physics. However, even then, extremely precise measurements 
from low-energy physics will be useful. For instance, in this Thesis interplay 
between these two seemingly different approaches is undebated and all the 
most important conclusions about high energy physics derived here are the 
result of extraordinary precision obtained in double beta or muon decays 
among other things. 

Because such new experiments are sophisticated nowadays (and expen¬ 
sive), it is necessary to investigate as many phenomena as possible to hnd 
out, if these phenomena can be really revealed there. This Thesis is about 
one such possible phenomenon in the Next Linear Collider (NLC). The NLC 
collider is one of the many names for the future collider, a machine 

with a center of mass energy above 200 GeV (LEPII), up to 1500-2000 GeV 
[^],|0]. The NLG will complement the other future accelerator, the high 
energy hadron collider LHG at GERN. Together these two machines will 
provide a coherent program for understanding the SM better and hopefully 
non-standard, new physics as well. 

Many new or un-established ideas such as anomaly couplings, additional 
(neutral and charged) gauge bosons, excited fermions and Higgs particles can 
be tested in the NLG collider |§]. Heavy neutrinos are among these ideas and 
I will deal with this case in this Thesis (for other than ‘NLG’ possibility of 
heavy neutrino detection - see P|,|1l0|-|1l6|). 

Although there are three types of massless neutrinos in the SM, almost 
all extensions of the SM predict more than three massive neutrinos. The last 
LSND result seems to have claimed, at least partly, this prediction. We know 
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( 1 . 1 ) 


so far that three known neutrinos are very light with masses 


< 15 eV, < 170 keV, niy^ < 24 MeV. 


We know from the negative search of new neutral states and from the mea¬ 
surement of Z decay width at the LEPI too, that there are no neutrinos with 
a standard coupling to Z and mass below M^/2 |]T^ or even below Mz if 
BR{Z^ ^iyN)>3- 10’ -M0- The lack of detection of new neutrino states 
at the LEPI indicates that if they exist, they will generally have large masses 
(> Mz), attainable in the NLC. 

Such masses of heavy neutrinos (100 GeV < Mjv < 0(1) TeV) are natural 
for a theoretical model based on the SU{2)l ® SU{2)r ® U{1)b-l gauge 
group 1^, the so-called left-right symmetric model (LR). In this model left- 
handed and right-handed (lepton and quark) helds are treated in the same 
way: there are 3 left-handed and 3 right-handed doublets (one left-handed 
and right-handed doublet for each generation). This symmetry causes that 
apart from three light and known (left-handed) neutrinos we have 3 heavy 
(Mtv > Mz) ones. Their masses are utmost at the level at which the left- 
right symmetry is broken, e.g. of the order of the right-handed gauge boson 
mass Mwp.- Up-to-date constraints gives Mw^ >406 GeV pT| (652 GeV 
[p^), so we can expect to look for heavy neutrinos of the LR model in the 
NLG collider. 

The second easy extension of the SM which includes heavy neutrino par¬ 
ticles is the SM supplemented by right-handed singlet neutrino helds (RHS 
model). Such helds appear naturally in the SO(IO) Grand Unihed Theory 
(GUT) in which quarks and leptons are accommodated into one fundamental 
16-dimensional representation (3 colours of left- and right-handed u and d 
quarks plus plus plus vl plus N^)- In this GUT model, the natural 
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mass of such right-handed heavy neutrinos is of the order of the GUT scale 
(~ 10^® GeV [^), however much lower neutrino masses (~ 0(1) TeV) can 
be possible in principle within the GUT models, too |2^ . 


In this Thesis I will investigate two different processes with heavy neutri¬ 
nos in the NLG collider for both models mentioned above: direct production 
of heavy neutrinos by the e“e^ —> vN process and their indirect detection 
by the e“e“ — W~W~ process. The hrst process can be realized in Nature 
both by Majorana and Dirac neutrinos. I will focus here on heavy Majorana 
neutrinos as a more natural case The second process can appear only if 
a neutrino is of the Majorana type (lepton number non-conservation). Other 
processes with heavy neutrinos in NLG colliders do not seem so promising 


2f] with the exception of the e 7 —>• NW direct production process [27 


This Thesis is organized as follows. Section 2 discusses a possible coupling 
between light and heavy neutrinos. This parameter is important for processes 
considered in this Thesis. I also dehne there two distinctive models: ‘see-saw’ 
and ‘non-decoupling’ ones for which the magnitude of this parameter can be 
markedly different. Section 3 discusses the production of heavy neutrinos 
in an e“e+ collision. Possible GP violation effects on the cross section are 
discussed (‘see-saw’ model) and the most optimistic values of cross section 
for heavy neutrino production are derived in the framework of the ‘non¬ 
decoupling’ model. As the magnitude of this cross section gives hope for 
a heavy neutrino detection the angular distribution of an electron from a 
heavy neutrino decay is analysed as a possible heavy neutrino signal in a 
detector. Section 4 describes the e“e“ —>• W~W~ process in which again the 
GP effects in the ‘see-saw’ model and maximal possible values of cross section 
(‘non-decoupling’ model) are analysed. Section 5 presents the conclusions of 
this Thesis. 
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Three Appendices show how neutrino masses appear both in the RHS and 
the LR models, describe details about couplings of neutrinos with particles 
which take part in considered processes and give Feynman rules for Majorana 
neutrino interactions, used through the Thesis. 
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2 Light-heavy neutrino mixing angle 


In Appendix B I include relevant couplings of neutrino with standard par¬ 
ticles which take part in considered > vN and e“e“ —> W~W~ pro¬ 

cesses. The mixing matrix elements A'atz and (Eqs.(B.5),(B.28)) which 
are lepton analog of Cabibbo-Kobayashi-Maskawa matrices in the quark sec¬ 
tor are crucial in determining the magnitude of the cross sections. Among 
them A'jve, coupling of heavy neutrino with electron (positron) is the most 
important so we have to limit its value as closely as possible. 

Generally two approaches can be applied to £x the parameter. The 


hrst is historically known as the ‘see-saw’ model and was established to 
explain the small masses of known neutrinos. The second (let’s call it the 
‘non-decoupling’ model) invokes a symmetry argument to explain the same 
problem. It appears, however, that apart from neutrino mass explanation 
other physical variables (as A'we) can differ significantly in these models. To 
show generally that it is possible, let’s discuss the ‘toy model’, in which only 
‘light’ (z/) and ‘heavy’ {N) neutrinos exist. Let us assume that in the (z/, iV)^ 
basis the neutrino mass matrix is 


M=(“ )). (2.1) 

For simplicity we assume that elements a,b,c are real numbers. The masses 
and mixing angle are given by 

"ii,2 = ^(^a + cT cY + 462^ , (2.2) 

and 

2b 

sin 2,^ = , (2.3) 

\J{a — c )2 + 46^ 
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There are now two ways to predict the light-heavy spectrum of neutrino 
masses. First is the ‘see-saw’ mechanism where a=0 and c >> b then 

I nil I— —, I ^2 I— c >> mi, (2.4) 

c 

and unavoidably (Eq.(2.3)) 

e~-«l. (2.5) 

c 

or taking into account relations (2.4) 

/5n«i. (2.6) 

V m2 

We can generalize the mass matrix (2.1) to the form as given in the RHS or 
the LR models (see Appendix A) and then we can expect that the light-heavy 
neutrino mixing equals 


Knc ~ 
or 

Kns ~ 


< mo > 

< Mr > 



(2.7) 

( 2 . 8 ) 


Let’s stick for a moment to an example in which mr, and Mr matrices are 
taken in the following form 



( 

1. 

0.9 \ 


/102 

0 

0 \ 

mo = 

1. 

1. 

0.9 

, Mr = 

0 

o 

CO 

0 


i^O.9 

0.9 

0.95 ) 


1 0 

0 

5000/ 
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The neutrino mass matrix Mdiag which follows (Appendix A) gives a re¬ 
alistic spectrum of neutrino masses {rriy^ = 0 eV, ~ 16 /reV, ~ 31 
MeV^ - light neutrinos^ and (Mi =100 GeV, M 2 = 10^ GeV, 5000 GeV) - 
heavy neutrinos. 

Mixing matrix U which diagonalize neutrino mass matrix M^ (Eqs.(A.ll), 
(A. 12)) equals 


U = 


/ .707 

-.38t 

-.596t 

-.707 

-.38t 

-.596t 

.3-10-1® 

Mi 

-.537t 

-.2 ■ 10-1® 

.3 ■ 10-1^ 

.017z 

-.3 • 10-1® 

.6 ■ 10-i®t 

.002i 

V-.5 • 10-32 

.9 ■ 10-i®t 

.3 ■ 10-3^ 


-.010 

-.001 

.2 ■ 10-3 

-.010 

-.001 

.2 ■ 10-3 

-.010 

-.001 

.18-10-3 

-1.0 

-.3- 10-3 

.1 ■ 10-® 

3■10-^ 

-1.0 

.1 ■10-® 

6 ■10-® 

.7-10-® 

1.0 


^ This value is too big when we take into account up-to-date data (Eq.(l.l)). However, 
it makes it possible mention one of neutrinos’ experiments which gives an interesting 
signal lately. An excess of events observed in the KARMEN detector is tentatively 
interpreted as the decay of 33.9 MeV neutral particle. The identification with Ut (SM’s, 
isodoublet) neutrino is rejected by ALEPH limit of 24 MeV 0- It should be noted, 
however, that this limit was questioned lately in the context of neutrino mixing scenarios 
[|30|| . This value can be easily put down to the ALEPH limit by some play with parameters 
in matrices mu, M^. 

"‘We can see that this mass spectrum for light neutrinos is not consistent with cosmo¬ 
logical constraints where bound J2iight''^i'iight ^ 23 eV exists 0]. Masses of the light 
neutrinos can be reconciled with this agreement in many ways. For instance, we can take 
mu —> 10“^mu (then interesting mixing angles Kjsie will be, however, smaller - in agree- 

/l. 1 . 1- \ / 10"® io-®\ 

ment with Eq.(2.7)) or take mo = ( 1. 1. 1. ) , = ( 10“® M 2 10~® ) with 

yi. 1 . i.-io"®/ yio-® 10 -® M3 J 

relation — 0 and Mi_ 2,3 > 100 GeV. Then the mixing angles K^e will 

be the same as for the matrices (2.9). 
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From this matrix, other submatrices K and Kr (see Appendix B) can be 
directly obtained 



( ® 


r 




light 

neutrinos 

.707 

-.38 i 

-.596 i 

-.707 

-.38 i 

-.596 i 

.3 • 10-^*^ 
.84 i 

-.537 i 

rsj 

leptons 

0(1) \ 

heavy 

neutrinos 

-.01 

-.001 
.2 • 10-3 

-.01 

-.001 
.2 • 10-3 

-.01 

-.001 
.18 •10-3 

) 


\ / 


( 2 . 10 ) 


Ar = 


light 

neutrinos 


heavy 

neutrinos 


e 

h 

r 

-.2 • 10-1^ 

-.3 • 10-16 

-.5 • 10-3^ 

.3- 10-1^ i 

.6- 10-^3 i 

.9 • 10-^6 i 

.017 i 

.002 i 

.3- 10-3 i 

-1.0 

.3 • 10-4 

.6- 10-3 

-.3 • 10-3 

-1.0 

.7-10-6 

.1 •10-6 

.1 • 10-6 

1.0 


leptons 

\ 


V 0(1) ) 


( 2 . 11 ) 


We can see explicitly that we have 


Knb 


1 


( 2 . 12 ) 


in agreement with our previous estimations (Eq.(2.7)). 

Let’s note that the values of the tud matrix elements are justifiable for 
the LR model (Eqs.(A.25),(A.26)) as 


< mo >~< >~ 0(l)GeR (2-13) 


as long as h ~ h. In the RHS model we can choose the same form of the 
mass matrices mo and Mr as in Eq.(2.9), so the mixing angle will be the 
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same. However, in this model we don’t have so strong theoretical motivation 
for Eq.(2.13) to hold as in the LR model; that is why some people prefer 
to estimate light-heavy neutrino mixing (R^iVe) taking into account relation 
( 2 . 8 ) which is based on physical quantities. 

Anyhow we must be careful because we can get the wrong relation for 
K^f, parameter taking into account Eq.(2.8) as our example shows (in this 
case K^e ^ equals zero exactly, in disagreement with its true value 

(Eq.(2.10)). 

So we have shown that we can End the neutrino mass spectrum in agree¬ 
ment with terrestrial (or cosmological) constraints and to have the mixing 
angle between light and heavy neutrino in the form given by Eq.(2.12) both 
for the LR and the RHS models. This is what I call classical ‘see-saw’ model 
and I will use this mixing angle in numerical calculations. 

Secondly, let us assume that a 7 ^ 0 and due to internal symmetry ac = 6 ^, 
we have 


mi = 0 , 

m 2 = a + c, (2.14) 


and 


sinf = 

a -I- c 

If the symmetry which at the tree level gives the relation ac 
we obtain 



mi 7^ 0 << m2 


( 2 . 15 ) 


6 ^ is broken 


in the higher order (see e.g. |^). In this sort of models sin 2,^ is not 
connected with the ratio mi/m 2 and can be large (sin 2 ,^ ~ 1 ) for a c 


11 , 25 , 35 
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So for the ‘non-decoupling’ model the mixing angles are independent pa¬ 
rameters not connected to the neutrino masses and are only bound by existing 
experimental data. Constraints come from: 

(i) Low energy experiments (e.g. lepton universality, the fi decay) and the 
LEPI give also information about heavy neutrinos with masses above Mz- 
The reason is that due to unitarity properties of the U matrix (Eq.(A.ll)), the 
nonzero mixing matrix elements (Eqs.(B.5),(B.28)) slightly reduce the 
couplings of light neutrinos from their SM values thus affecting all processes 
including these particles (in the SM matrix U can be taken as I and 
then matrix K in Eq. (B.3)) equals I, too). The up-to-date limit for the RHS 


model is 15 


= 0.0054. 


E 

N (heavy) 

Practically the same limit exists for the LR model ( [p7[ 


(2.16) 


(ii) The lack of signal of neutrinoless double-/? decay {PP)ou gives the 
bound for light neutrinos 


E 

u(light) 


^ ^light 


(2.17) 


where kL^, < 0.66 eV 0 . 


(iii) From the (/3/3)oi, process it is also possible to get the bound for heavy 
neutrinos^ 


i: 

N{heavy) 


N 


< 00 


(2.18) 


®This bound can be obtained when more than one nuclei is considered. Then because 
nuclear matrix elements differ from nucleus to nucleus, possible cancelations in amplitude 
between light and heavy neutrinos’ contributions can not appear in all nuclei simultane¬ 
ously M. 
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The up-to-date value is o;^ < (2 — 2.8) ■ 10 ® TeV ^ for the RHS model 
and similarly for the LR model 


The last constraint which I use to fix R'jve comes from the fact that the 
mass term for the left-handed neutrinos is absent. Then (Eqs.(A.9), 
(A.11),(A.12)) 

(iv) 

^ Kl^m,+ Y. KI^Mn = Ml = ^. (2.19) 

u{light) N{heavy) 

This fact confronted with Eq.(2.17) gives 


N(heavy) 


< '^Ughf 


( 2 . 20 ) 


This relation includes an interesting information. To get meaningful val¬ 
ues of cross sections for the studied processes as large as possible values 
of ibATe are needed. As is very small the only possibility to reconcile 

these two facts is to assume that some Ki\fe matrix elements are complex 
numbers. If CP symmetry is conserved then neutrinos with purely complex 
numbers have opposite rjcp parities to neutrinos with real ones [P^] . 
Relation (2.19) was important to get this conclusion. However, we know 


that Majorana neutrinos get mass through radiative corrections [Q, ^4 
and consequently Eq.(2.19) must be modihed 


E I<lrn,+ Y. KI,Mn = MI (2.21) 

v(light) N{heavy) 


®Some people claim that this value is too strict and can be loosen by a factor ~ 40. 
It does not change, however, any other conclusions given there quantitatively. The most 
important for our discussion is that such bound can be derived from experimental data 


(the situation when the relation (2.18) is not taken into account were considered in 
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We don’t know in principle how large M£ can be. In what follows I will 
hold this general formula with M£. 

Taking into account relations (2.16)-(2.21) the largest possible de¬ 
pends on the number of right-handed neutrinos ur {ur = 3 in the LR model) 
• Ur = 1 oi all heavy neutrinos with the same CP parities 

In this case very restrictive constraint results from Eqs.(2.17),(2.21) 

( 2 . 22 ) 

N 

For M£ ~ 0 mixing angle i^TVe is extremely small. Another strict constraint 
follows from Eq.(2.18) 

(2.23) 

•Ur = 2 

In agreement with the previous discussion we assume that both heavy 
neutrinos have opposite CP parities. Let us take rjcp{Ni) = —rjcp{N 2 ) = i. 
If we denote = xi, Kpp^e = ix 2 , mi = M, m 2 = AM (A > 1) then 
from Eqs.(2.16)-(2.18),(2.21) we get 



xl + x\ 

< 


(2.24) 

Ml 

M 

— x\ + Axl 

< 

^light 

M 

(2.25) 


2 -^2 

A 

< 

u^M. 

(2.26) 


In Eq.(2.25) 6 = is very small for M > 100 GeV (5 < 10“^^). Since 
we want to have values of xf and/or mixing angles as large as possible 
then S « x‘1,Ax2, and 6 parameter can be practically neglected. It gives 
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(ML. = ^r\ 


xl = + Ax\ 


(2.27) 


and from inequalities (2.24) and (2.26) we get that masses and mixing angles 
of heavy neutrinos with electron must satisfy the following relations 


x\ < A 


K 


A’’ 


A + l 


+ A'’ and x\ < 


A^oj^M - A^ 
A2-1 


(2.28) 


and 

^2 ^ ~ x\ < — (uLM — A’’). (2.29) 

As for masses 0.1 TeV < M < ITeV, k? 3> cu^M, the second inequalities are 
usually stronger. The only possible way to get large x\ is to assume that A —> 
1. We can derive some information about M](, too. From Eqs.(2.28),(2.29) 
we have A'’ < so for given value we have 


Ml < 10 MeV. 


(2.30) 


However, for M > 1 TeV restrictions weaken very fast. The largest possible 
values of the mixing matrix elements are (A —1) 


K 


TVie 


/y 2 

^N2e 


K 

Y 

Y 


( 2 . 31 ) 


Neutrinos with those mixing angles have opposite CP parities, so Dirac neu¬ 
trino is realized there. 

• Ur = 3 


Let’s assume that rjcp{Ni) = rjcp{N 2 ) = —VcpiAf^) = b If we denote 
Knic = = X 2 i A^TVae = * 2^3 and mi = M, m 2 = AM, m 3 = BM, 
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then relations (2.16)-(2.21) give a set of inequalities. I consider the more 
interesting case A > B (for A < B the mixing parameters are much smaller) 
in which the following inequalities are satished 


.^2 ^ B 

Xo X-i . 

^ ~ ^A + B 


+ {k^ + 


A' 


B 


2 2 - 1 . ( ^ 
> x\— - —A — ( u^M — 


B J A + B' 
AB^ 


and 


A 2 - ^ 2 - 


2 2 - 1 . 19 .. 

xl < xf— -+ f CJ^M + 


A2 - B2- 


By A^-B^' 

AA AB^ 

A2-52’ 


Xg can be found from the relation 


Xg = 


B 


(^x^ + Axl — A*"^ 


(2.32) 

(2.33) 

(2.34) 


(2.35) 


From inequalities (2.32)-(2.34) we can hnd a region in the {x1,X2) plane 
of still acceptable mixing parameters. The region (which is schematically 
shown in Fig. 1) depends on the chosen values of M, A and B. 

Maximal values of mixing matrix elements are {A 

y + BMy 


CX) 


X, 


Xr, 


Xn 


1 + B 

0 

By -BMy 
l + B ■ 


(2.36) 


We can see that in this case a heavier neutrino can have a larger mixing 
angle than the lightest one. 

Let’s stress once more that quantitatively restrictions given in Eqs.(2.32)- 
(2.35) are true both for the LR and the RHS models as y, and y are 
practically the same in both models. 
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Fig.l. Sketch of the region in xf — plane of still experimentally acceptable mixing 
parameters. I use the following denotations (see Eqs. (2.32)-(2.34) in the text) 


n — 1 + -B 

“1 “ A+B’ 


bl = (k^ + 


B 


A'" 

BJ A+B ’ 
A''\ AB'^ 


B ^-1 


0-2 - 

62 = , 62 = (w^M + fj-) 

For masses M < 1 TeV, 62 ^ &2 1 ^^e region is very narrow (A 

shadowed region is the place where the mixing angles are the largest. 


0). The more 
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3 Direct heavy neutrinos production in e 
collision: e“e+ ^ uN process 

3.1 Which Feynman diagrams are the most impor¬ 
tant? 


At the tree level the e e"*" — NaN/, process proceed through the following 
Feynman diagrams (Fig.2). 



Na and N;, stand for any neutrinos - light or heavy. Denotations are 
given for the LR model where we have two pairs of charged and neutral 
gauge bosons and couple of Higgs particles (only Higgs particles with nonzero 
couplings to electrons are depicted there - see Appendix B for details). In the 
framework of the RHS model only two hrst diagrams contribute (with only 
one charged gauge boson = W~). I will consider Majorana neutrinos, 
so crossing diagrams are taking into account. 
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e+e 

uN 

^ NN 

Wi 

~ 0.2% 

~ 99.5% 

Zi 

~ 97.5% 

~ 99.5% 

W 2 

~ 99.9% 

~2% 

Z 2 

~ 99.9% 

~ 99.2% 


Table 1: The contributions of different diagrams with W' 1^2 and Zi 2 exchange to the 
total cross section. The numbers in the table present the part of atotai after removing 
corresponding diagrams. 

The t- and u-channels are the most important for this process with the 
Wi exchange. Other, like Zi( 2 ) contributions, are negligible because of off- 
peak energies >> and a large mass of additional gauge boson Z 2 

(yi << MZ 2 ) - see Eq.(B.16). The IT 2 gauge boson couples with an electron 
predominantly by the right-handed currents (see Eqs.(B.18) and (B.21)). 
Large mass of W 2 decide, however, about smallness of the W 2 contribution to 
the process. To be specihc, results for = 500 GeV collider are summarized 
in Table 1 where the case of two heavy neutrinos production is included, too 
(with contribution dominated by the W 2 exchange). That is why results for 
the LR and the RHS models are practically the same for the single heavy 
neutrino production in the collision. 

Apart from additional gauge bosons in the LR model additional contri¬ 
butions to this process come from Higgs particles’ exchange (Fig.2). I use 
the unitary gauge so diagrams with Goldstone particles exchange are not 
taken into account. How much can they change results? The precise val¬ 
ues of all couplings are presented in Appendix B. In the approximation used 
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here {vr ^ y , rrie — 0) (Eq.(B.29)) only two neutral Higgses couple in the s 
channel. The lightest Higgs particle Hq (equivalent of the SM’s one) couples 
to the e“e+ proportionally to the electron mass and its effect is negligible 
in the energy range which I consider (see Eq.(B.35)). The influence of two 
charged and two neutral A^) Higgs particles is not obvious. At 
hrst sight their coupling, even to the light leptons , can be large 

as there are terms in the vertex proportional to heavy neutrinos mass. They 
are, however, multiplied by the mixing matrices which can have small terms 
so the total effect needs precise analysis. 


For = 80 GeV and = 1600 GeV we can End (Eqs.(B.15- 
16)) y ~ 250 GeV, vr ~ 3500 GeV and then for e = 0 all Higgs boson masses 
are of 2.5 TeV order (Eq.(B.30)) 




'fj± ~ — Mao — 2450 GeV. 


( 3 . 1 ) 


For the neutral Higgs bosons and the masses of order 2.5 TeV are 
not large enough to reduce the transition. To generate proper 

mass splitting in system it was found that masses of neutral Higgs 

particles must be above 10 TeV. Otherwise these particles could have caused 
that flavour changing neutral currents (FGNG) were too large ||46||,|^ . 


There are two ways of obtaining such large masses of neutral Higgs bosons. 
Firstly we can assume that some parameters which are present in Higgs 
potential are very large (greater than 1). Then minimalization of the Higgs 


potential can give larger masses of Higgs particles 


Secondly, we can avoid the fine tuning problem for the Higgs parameters 
mentioned above by taking the same VEV ki ~ ^ 2 , so then e ~ 1 (Eq.(B.30)) 
and the masses Mro,Mao and are much greater than so greater 
than 10 TeV. 
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In the first case the presence of large masses in the propagator causes that 
the total contribution of the and A\ exchange in the s channel is very 
small. When e —1, the couplings of neutral Higgses and to leptons 
become stronger (see Eqs.(B.34)-(B.36)) and compensate the influence of the 
propagator. The total effect depends on the additional vertex contributions 
given in Eqs.(B.35) and (B.36). I have calculated numerically the factors of 
the type 

, (Kmf“KiU . (3-2) 

which are present in those couplings for different values of the heavy neutrino 
masses. K,Kji,Q and are taken as discussed in Section 2 (Eqs.(2.9)- 

(2.11),(B.28)). Then the factors are of the same order independently of the 
neutrino masses. It is caused by the fact that for larger neutrino masses 
the appropriate mixing matrix elements are smaller. I have checked that 
the influence of the scalar and pseudoscalar A^ exchange diagrams on the 
total cross section is completely negligible for considered energy range. I have 
checked also the contribution of the charged Higgs bosons exchange in the 
t-u channels. In Table 2 the ratios of cross sections with only gauge bosons 
{(^gauge) or Higgs particles {arnggs) to atotai in which all Feynman diagrams 
are taken into account are presented. We can see that Higgses have no 
meaning for heavy Majorana neutrino production. For and UrN neutrino 
production the Higgs exchange mechanism gives only the contribution of the 
order of 10“^. Moreover, these results are not sensitive to the e factor. The 
Feynman diagram with exchange (which is the most important) is not 
sensitive to this factor at all (Eqs.(B.30),(B.31)). The H 2 exchange diagram 
is sensitive to this factor and the contribution to the total cross section 
increases with increasing e (Eqs.(B.32),(B.33)), but as the propagator for 
this particle is sensitive to this factor, too (Eq.(B.30)), the increase is rather 
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e e+ 

^ gauge! ^total 

^Higgs! ^total 

^ Z/elV(100) 

~ 100% 

~ .0001% 

^ z/^iV(100) 

~ 100% 

~ .01% 

^ z/^7V(100) 

~ 100% 

~ .01% 


Table 2: The contribution of the gauge and Higgs bosons to the total cross section for 
LEPII energy. 

small and even for e = 1 does not predominate the contribution. The 
result is shown in Fig.3 for the (M^v = 100 GeV) process. 

0.0001 

le-05 

le-06 
IT [ft)] le-07 

le-08 

le-09 

le-10 

0 0.2 0.4 0.6 0.8 1 

€ 

Fig.3. The e dependence for CT[e“e+ ^ ^'riV(lOO)] cross section given by all physical 
Higgs boson exchange (solid line) and only by Higgs boson exchange (asterisk line) 
for LEPII energy. 

To sum up, two hrst diagrams from Fig.2 give the largest contribution to 
the single heavy neutrino production process {Wi exchange) and to the pair 
of heavy neutrino production process (IT 2 exchange). Helicity amplitudes for 
these diagrams are gathered in Eqs. (3.3)-(3.5) (full details with all Feynman 



21 




diagrams Fig.2 (a)-(f) are given in |^) where cr, d, Ai ,2 denote helicities of 
electron, positron and two heavy neutrinos respectively, j3i^2 = ai'e kine- 
matical factors with q - momentum, 2 - energy of produced neutrinos in 
CM frame and index i=l,2 describes two charged gauge bosons 


iM{a, a; A, A) oc 






Ui 




u 


M?v. 


(3.3) 


(a, cr; Ai, A2) — 


+ 


(^l) (^l) 2g'^Acr-1 y (1 - 2 Ai/?i) (1 + 2X2/32) 

(^r) 2g'^A(7,+l Y^(l + 2XiPi) (1 - 2X2P2), 


(3.4) 


(a, d; Ai, A 2 ) = A\ (Ai ■«—^ X 2 , (3i < — ^(^ 2 ) 

^ ~ 2A2/32)(1 + 2Ai/?i) 

(1 + 2A2/32)(1 - 2Ai/3i), (3.5) 

Factors are dehned in Eq.(B.21). As we can see these factors in 
principle are not real and their complex phases are connected with CP vio¬ 
lation effects in the lepton sector. As their complexity caused destructive or 
constructive interferences among different terms in Eqs.(3.3)-(3.5) it is worth 
to investigate the influence of CP phases on the considered reaction. 


3.2 CP violation effects in the e ^ N1N2 process 
(‘see-saw’ model) 

CP violation have been observed until now only as a small effect in the 
system (quark sector). Smallness of this effect is understood in the 
framework of the SM. Physical quantities must be independent of the choice 
of weak basis so only weak basis invariants enter in a measurable quantity. 
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It can be shown that for 3 families there is only one independent invariant 
which can be built of quark mass matrices M„, 

{weak invariant} = — ml){ml — ml){ml — ml) 

{ml - ml) {ml - ml)Im{V^VubV)^V)^) (3.6) 


where Vij are elements of the Cabibbo-Kobayashi-Maskawa mixing matrix. 
Because quark masses are non-degenerate then in the SM all CP violating 
effects are proportional to 

Skm = ( 3 . 7 ) 

Using the unitarity of the CKM matrix we can write 

Skm 1=1 | (3.8) 


and substituting experimental values we have 


JKM 


\< 10 


-4 


(3.9) 


This tiny quantity is responsible for CP violation effect in system. 

No CP violation has been observed in the lepton sector. This can be re¬ 
lated to the smallness of the masses of the known neutrinos. Heavy Majorana 
neutrinos can potentially change this situation. 

CP violation effects can be caused by complex phases in the mixing ma¬ 
trices K and Kr- However not all phases in the mixing matrices are CP 
violating. Some of them can be eliminated by redehnition the fermion helds. 
For instance, in the quark sector of the SM, six phases which dehne 3x3 
unitary mixing matrix reduce to one phase after appropriate fermion helds 


redehnition 50 . Let’s check how does it work for considered the LR model. 


23 





The relevant parts of the model’s Lagrangian for studying the CP prop¬ 
erties are the charged-current interaction and the lepton mass Lagrangian. 
They are given by (weak basis) 


Lee — 


V2 

and (Eqs.(A.21),(A.24-26)) 


{PlYIlW^, + ^rYIrW^,) + h.c. 


■Lrn.nc'^ — 


{nlM^UR + niiM*nl) - {lirriHR iRm^hi) (3.11) 


where hr is a six-dimensional vector of the neutrino fields 


Ur 

= 


\Rr 


( 

Rl 

= 


\^L 




. "l = 


( 3 . 10 ) 


( 3 . 12 ) 


The most general CP transformation which leaves the gauge interaction 


(3.10) invariant is |51 


k ^ VlCII, 

Ir —>• VrCI*^ ) ^R yRC^R- (3.13) 


where Vr^r are 3x3 unitary matrices acting in lepton flavour space and C is 
the Dirac charge conjugation matrix. For the full Lagrangian to be invariant 
under (3.13) the lepton mass matrices rriR^MR and rn} have to satisfy the 
conditions 


and 


vIuidVr = m*jj, 
V^MrVr = M*, 

Vlm^VR = {m^y. 


(3.14) 


(3.15) 
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The relations expressed by Eqs.(3.14) and (3.15) are weak-basis independent 
and constitnte necessary and snfficient condition for CP invariance. It means 
that if for given matrices M/j and m\ there exist two nnitary matrices 
and Vr snch that relations (3.14),(3.15) hold then the model is CP invariant 
and, on the other hand, if CP is the symmetry of the model then such matrices 
Vl and Vr exist. The most convenient basis for studying CP symmetry is 
the weak basis in which charged lepton mass matrix is real, positive and 
diagonal |5^ 


m} = diag[me,rn^,mT]. (3.16) 

Then for non-degenerate, non-vanishing rrif. ^ ^ rrir Eq.(3.14) and (3.15) 

imply that matrices Vl,r are diagonal and equal 


Vl = Vr = 


( 3 . 17 ) 


From Eqs.(3.14) and (3.15) then it follows that the model has CP symmetry 
if and only if the matrices niR, and Mr have the elements 

{Mr),, = I {Mr),, I (3.18) 

in the basis where m} is diagonal. Altogether we have six CP-violating phases 
( n(Ti+i) _ symmetric Mr plus for hermitian ruD give totally ri^ 

phases minus n phases connected with fields redehnition) which can be writ¬ 
ten in the form 




Mi2 

Mi3 

Mr = 

Mi2 

M22e'“2 

M 23 


V ^13 

M 23 

M33e'“ 


/ mil 

mi2e*^i 

mi3e*^2 

mo = 

mi2e*^i 

m 22 

m23e®^3 



m23e*^® 

m33 
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For energies much bigger than the masses of neutrinos Ni and N 2 >> 

0(1) TeV) or when ~ 0(1) TeV but with at least one light neutrino, 
the t channel predominantly contributes to the M(—h; —h) amplitude (left- 
handed current) and M(-|—; -|—) one (right-handed current) and the u chan¬ 
nel gives contributions to M(—h; H—) and M(-|—; —h) amplitudes (see Eqs.(3.4)- 
(3.5)). We can see that in these cases there is no interference between t and 
u channels. 

For the energy just above the production threshold there is no helicity sup¬ 
pression mechanism for two heavy neutrino production process e“e+ — N 1 N 2 
(Eqs.(3.4)-(3.5)) and hnal neutrinos with all helicity states can be produced 
by each channel diagram. These are the best conditions for observing the 
CP violation effects because in this case t and u channels contribute to the 
same helicity states. As heavy neutrinos predominantly couple to W 2 gauge 
bosons (see matrix U (Eq.(2.11) with = 1 and Eq.(B.21)), the dia¬ 

grams with W 2 (right-handed currents) are the most interesting (that is the 
reason why we don’t consider results for the RHS case at all as they are small 
in comparison to the LR model ones). 

Another question is in what experimental observables the CP effects are 
visible. From the discussion presented above we can see that they can be 
looked for in polarized angular distribution. And what about the unpolarized 
angular distribution? If CP is conserved then the helicity amplitude satishes 
the relation (0 and 0 are CM scattering angles) 


M((T, a; Ai, A 2 ; 0, 0) — ? 7 (^p( 1 )? 7 (^p( 2 ) x 

M(-d,-a;-Ai,-A 2 ; TT - 0, TT 4-0). (3.19) 

If we sum over all helicity states the unpolarized angular distribution has 
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forward-backward isotropy 


Does it mean that anisotrophy can be observed if CP is violated? Unfortu¬ 
nately not, at least if we neglect the hnal state interaction. Without hnal 
state interaction from CPT symmetry we can prove the relation 

M(a,cr;Ai,A2;0,0) = -77cp(l)hcp(2)e2*0-00+0 

-a;-Ai,-A 2 ; TT - 0, TT0) (3.21) 


from which the forward-backward isotrophy also follows [Q. So the only 
observables where we can try to hnd the CP violation effect are the total 
cross sections and the polarized angular distributions. As the magnitudes of 
the total cross sections are larger in comparison with polarization angular 
distribution I will investigate now the total cross section > N 1 N 2 . 

There are six phases which cause the CP symmetry breaking. I take the 
matrices and Mr in the form 


and 


rriD 


/I. 1 . .9 A 

1. 1. .9 , 

V.9 .9 .95/ 


(3.22) 


Mr 


/ 150e*“ 10 20 A 

10 200 e*^ 10 

V 20 10 lO^e*^ / 


(3.23) 


which produce a reasonable spectrum of light neutrinos (see Section 2). If we 
compare these matrices with Eq.(3.18) we can see that if only one or more 
phases (a, /3 or 7 ) are not equal 0 or tt the CP is violated. Two heavy neutri¬ 
nos with masses Mi ~ 150 GeV and M 2 — 200 GeV, almost independent of 
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the phases a, (3 and 7 , result from this mass matrix. The appropriate mixing 
matrix elements {K, Kji)ie, {K, Kjf) 2 e depend on the phases a and f3 and are 
almost independent of the phase 7 . For a = /? = 7 = 0 two neutrinos have 
equal CP parity and CP is conserved for 


Vcpi^i) — hcp(^ 2 ) — +i. (3.24) 

For a = n,P = 'y = 0 CP is also conserved if we introduce the CP parities 

— ricp{Ni) = ricp{N2) = +i. (3.25) 

For any other values of phases CP is violated. The production cross sections 
versus energy are presented in Fig.4. 

Two factors affect the behaviour of the cross section. Different a ,/?,7 in 
the matrix Mp cause that the mixing matrix elements {K, Kp)eNii {K, Kp)eN 2 , 
which are a part of the unitary matrix U, change not only their phase fac¬ 
tors but absolute values, too. So, firstly there is a real CP effect - phases in 
matrix elements change with changing a ,/?,7 and cause different 
interferences among various diagrams. Secondly, different absolute values of 
mixing matrix elements are obtained that result also in changes of the cross 
section magnitude. 

In Fig.4 both these effects are taken into account together. To hnd out 
the influence of CP phases only we £x in Fig.5 absolute values of mixing 
matrix elements to be constant with changing a,/?, 7 . 




[GeV] 


Fig.4. CP and mixing matrix effects for the ^ A^i(150)A^2(200) production pro¬ 
cess. Solid line is for a = /3 = 7 = 0, dotted line is for a = tt, /3 = 7 = 0 and the third line 
(with asterisks) is for a = 2 . 0 , /3 = 7 = 0 phases. 

We can see that the influence of the CP interference is very large. The 
cross section for production of two neutrinos with opposite CP parities can 
be several times larger then the cross section for production of the same CP 
parity neutrinos. The cross sections for the real CP breaking case are placed 
between two CP conserving situations. 

We can see from Fig.4 and Fig.5 that the total cross section for production 
of two different heavy neutrinos equals a few femtobarns for y/s < 0(1) TeV. 
The cross section for production of two identical heavy neutrinos could be 
utmost ~ 30 times larger (compare and in Fig.5 caption). It 

could happen if the mixing angle have been maximal: ~ 1. 

However, in this case CP effects disappear (see Eqs.(3.4)-(3.5)). These cross 
sections depend crucially on the mass of the additional gauge boson W 2 and 
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are negligible for the RHS model as a right-handed heavy neutrino couples 
very weakly to a gauge boson W~. 



[GeV] 


Fig.5. The pure CP violation effect caused by phases on the e“e''" ^ A^i(150)A^2(200) 
production process. Absolute values of mixing matrix elements for all lines are the same 
as the ones for the solid line in Fig.4. = 0.00535, = 0.9819, K 2 e = 0.0058, 

= 0.189]. The dotted (solid) line is for the opposite (the same) CP parity of neu¬ 
trinos (Eqs.(3.25) and (3.24)); line with asterisks is for a = 2.0,/? = 7 = 0, the same as in 
Fig.4. 

All numerical results which have been shown till now in this Section 
have been connected with the ‘see-saw’ model. Because the mixing angles 
have been already of the order of 1 (e.g. maximal) we can expect 
that numerical results for two heavy neutrino production process are of the 
same order for the ‘non-decoupling’ model, too. Another situation will be, 
however, for a single heavy neutrino production process uN as a 

heavy neutrino-electron mixing angle can be different for these models 
(Section 2). The situation for the ‘see-saw’ model is summarized in Fig.6 
where the cross section as a heavy neutrino mass function is shown. 
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We can see that the values of the cross section are signihcant (range of 
few fb) only for small masses of a heavy neutrino. Now, in the last subsection 
I would like to focus on ‘non-decoupling’ effects in the single heavy neutrino 
production process. 

10 
9 
8 

^ 7 

JD 

^ 6 
5 
4 
3 
2 
1 

0 

100 300 500 700 900 

M [GeV] 

Fig.6. The cross section for the ^ i^N process in the framework of the classical 
‘see-saw’ models. Solid, dashed lines and the line with stars are for 1 TeV, 500 GeV and 
200 GeV CM energies of future colliders, respectively. 

3.3 ‘Non-decoupling’ model and a heavy neutrino in 
the e“e^ collision 

As it has been already shown in Section 2 the maximal mixing angle i^TVe 
depends on the number of neutrinos. 

• na = 1 (or all heavy neutrinos with the same f]cp^s) 

According to Eq.(2.23) mixing angle Kpfe depend crucially on oo. Results 
for this case are given in Table 3. 
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Mm [GeV] 

[fb]: riR = 



vT = 0.5 TeV 

yi = 1 TeV 

yi = 2 TeV 

100 

0.18 

0.2 

0.2 

150 

0.25 

0.3 

0.3 

200 

0.31 

0.4 

0.4 

300 

0.34 

0.6 

0.6 

500 

- 

0.8 

1.0 

700 

- 

0.7 

1.3 

1000 

- 

- 

1.6 


Table 3: The total cross section atot (e+e“ ^ vN) in n/j = 1 case (see Eq.(2.23) 
with = 2 • 10“® TeV~^) for various heavy neutrino masses and three different total 
energies ^/s = 0.5,1, 2 TeV. 


As the maximal value of the parameter is proportional to Mjv the 
cross section is an increasing function of a heavy neutrino mass with exception 
at the end of the phase space M^r —> ^/s. Results are miserable^. 


^The last results obtained for uj [Q can increase these values by a factor ~ 40 and 
then UR = 1 case can focus some interest, too. 
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•Ur = 2 


Taking into account Eqs.(2.28-2.29) in Fig.7 the cross section for e’''e“ —> 
Nu process as a function of the lighter neutrino’s mass for different values 
of A = ^ factor and for ^/s = 1 TeV is depicted. There is space for large a 
but only for very small mass differences (Mi ~ M 2 ) - see Eq.(2.31). I take 
maximal that equals to 0.0054 (Eq.(2.16)). 



M [GeV] 

Fig.7. The cross section for the e+e“ ^ Niy process as a function of a heavy neu¬ 
trino mass Ml = M for ^/s = 1 TeV in the models with two heavy neutrinos {nn = 2) 
for different values of A = ^ (solid line with A = 1.0001, ‘o’ line with A = 1.004, 
dots line with A=1.01 and line with A=100). Only for a very small mass difference 
A ~ 1 the existing experimental data leave the chance that the cross section is large, e.g. 
c^max{M = 100 GeV) = 275 fb. If M 2 Mi then the cross section must be small, e.g. for 
A = 100, a^ax{M = 100 GeV) ~ 0.5 fb. 


•Ur = 3 


Results for this case are gathered in Fig. 8 . We have three heavy neutrinos 
with masses Mi = M, M 2 = AM, M 3 = BM and rjcp{Ni) = rjcp{N 2 ) = 
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—Vcpi^s) = +* (see Section 2). Then the maximal mixing angle of the 
lightest heavy neutrino is {A ^ (yD,B ^ 1) = T (Eq.(2.36)). The 

lower of two lines for each of CM energies depicted in Fig.8 realizes this case. 
The upper line is for the third of heavy neutrinos when its mixing angle is 
maximal, too. It can happen when i? = ^ is as big as possible (Eq.(2.36)), 
so I take Mi = 100 GeV and parameterize the mixing angle of the third 
heavy neutrino as follows 





( 3 . 26 ) 



Fig.8 Production of a single heavy neutrino (e“e“'" ^ vN) with maximal possible mix¬ 
ing angle K^e for different CM energies: ^/s = 360, 500, 800 GeV as a function of heavy 
neutrino mass. The lower line in each pair is for the lightest of heavy neutrinos, the upper 
is for the third of heavy neutrinos with mass M and the mixing angle given by Eq.(3.26). 

As it was already mentioned the results for the LR and the RHS models 
are practically the same for the single heavy neutrino production (see Table 
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1). That is why the results given in Fig.8 can be assumed to describe these 
two models altogether. We can see that the results for the ‘non-decoupling’ 
model are more optimistic than for the ‘see-saw’ one and it is worth to study 


what we can hnd in reality in a collision [Q. Heavy neutrinos which I 
consider are unstable. Possible decay channels are N N Zvi 

and N —> Hvi. Two first are always opened for Mat > 100 GeV, the last one 
depends on Higgs particle’s mass. 

The total decay width equals to 

T^ = ^ (2r(iV ^ tw-) + r(iV ^ viZ) + r(iV ^ uiH)e{mN - mn)) 

(3.27) 


where 


^r(iV^/+W-) CX ^ \KMl\^^\KNe 
I l=e,fi,T 


(3.28) 


^ ^ ^Z) E I Km K 


Ne 


(3.29) 

In the approximations made in Eqs.(3.28) and (3.29) it is assumed that in 
each column of K matrix (/ = e, /i, r) 

(-^i^eO KM2h ■■■Y' 

only one coupling between heavy neutrinos and lepton is visible Kjq.i ~ 

All other couplings are very small and are neglected. 

If we also assume lepton universality {K^^i ~ 1) then also the production 
cross section can be parameterized by only one mixing angle 


o-tot = cr(e+e ^ ViN), 

i=e,fi,T 


(3.30) 


and 


(7tot oc I 


Ne 


{\K, 


+ 1AV r +1 K, 
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= I P (1 - E I ^Ne ^1 KNe ? • (3.31) 

N 

In this way we have only one parameter Kj^je which is important in the 
neutrino production-decay process. 

So, let’s discuss the angular distribution for the hnal electron (positron) 
in the process 

e^e-^uN (3.32) 

where for N 1 take the lightest of heavy neutrinos. 

Numerical results are gathered on the next three Figures. 



COs(0e) 


Fig.9. Distribution of the final electron from a heavy neutrino decay for ^/s = 500 
GeV collider with Mn = 100 GeV (solid line), = 150 GeV (long-dashed line) and 
Mat = 200 GeV (short-dashed line). Left half of the Figure gives results for mn = 100 
GeV, right half of the Figure for niH = 300 GeV (Higgs decay channel is closed). 

In Fig.9 I present the angular distribution for the hnal electron e“e+ — 
u{N e“IF^) for various masses of heavy neutrino M^v = 100,150 and 200 
GeV calculated for the maximal possible | Kj^e P— -y (^^ = 0.0054). Results 


36 






are given for the NLC with ^/s = 500 GeV. This distribution has forward- 
backward symmetry. To show the influence of Higgs particle I include results 
for mn = 100 GeV on the left half of the Figure (—1 < cos ©e < 0) and on the 
right side (0 < cos0e < 1) for mn = 300 GeV. For a higher Higgs mass the 
total width F^v is smaller due to the greater value of the branching ratio for 
the N IW decay and the cross section is larger. Numerically, Higgs 

has no influence on the cross section for = 100 GeV (for mn = 100-y 300 
GeV N vH decay channel is closed) and the influence of the Higgs particle 
is approximately equal to 10 %, 15% for M^r = 150, 200 GeV, respectively 
(only the decay mode with mn = 100 GeV is opened in this case). 



COs(0e) 


Fig. 10 Backward distribution of the final electron coming from a heavy neutrino decay 
(Mjv = 100 GeV) for two different energies: ^/s = 500 GeV (dashed line) and ^/s = 1000 
GeV (solid line). 

For higher energies the hnal electron distribution is more peaked in the 
forward-backward direction (cos ©e = ±1)- This is the result of exchange 
in t and u channels. As an example I have compared the final electron 
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distribution from the decay of a heavy neutrino with mass M^r = 100 GeV 
for ^/s = 500 GeV and ^/s = 1000 GeV energies (Fig.10). 

Finally in Fig. 11 I present the angular distribution for various 

masses of heavy neutrino Mjv = 100,300 and 500 GeV {mu = 100 GeV). 
The cross section becomes higher and more peaked in the forward-backward 
direction for a smaller mass of heavy neutrinos. The effect of growing 
is the result of increasing BR{N IW) and increasing ^-V) 

for smaller M^. The effect of slope reduction with mass in the forward- 
backward direction is also kinematically understandable. 



COs(0e) 


Fig.ll. Backward distribution of the final electron coming from a heavy neutrino 
decay with mass Mjv = 100 GeV (solid line), Mn = 300 GeV (short-dashed line) and 
Mm = 500 GeV (long-dashed line) for -y/s = 1 TeV. 


Backward distribution of the electron coming from a heavy neutrino decay 
gives a chance for a heavy neutrino detection. The main background for 
this process is the production of W^W~ pair with the decay W~ e“z/. 
The distribution of the electron coming from the heavy neutrino decay (N) 
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and from W’s decay by e+e” — W~^W~ process differs very much in the 
forward-backward direction. For a high energy > 0.5 TeV) the angular 
distribution of electrons coming from the W~ decay is peaked in the forward 
direction. On the contrary, the e~ coming from the N decay will travel 
equally well both in forward and backward direction. 
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4 Indirect heavy neutrinos detection in e e 
collision: e e“ ^ W~W~ process 


The e“e“ —>• W~W~ process was firstly proposed in 1982 (|^, see also |5^ ) 
as one of tests for the lepton number violation. As it can be seen from Fig.12 
this process is sensible to all neutrinos, light and heavy. In the RHS model 
only t and u channels are present while in the LR model doubly charged Higgs 
particles are important, too. They introduce resonances and are needed for 
proper high-energy behaviour of the cross section |]^,|F7[ . 




Fig.12. The tree level Feynman diagrams which contribute to the e~e~ W~W~ 
process. In the LR model all three channels are present, while in the RHS model s-channel 
is absent. 


I give up here a detailed analysis of the additional processes that can 
appear in the LR model (e“e“ —, e~e~ —> W^W.^) and I will 
focus on SM gauge bosons production. Because of kinematical reasons these 
additional processes can be of special importance not before a collider with 
y/s ~ 1 TeV energy will appear. For such energies, especially when IV^ 
would be not too heavy (let’s say Mp/j — 600 GeV that is close to the present 
experimental limit |^,|^) the W 2 ~ would be easily discovered unless the 
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energy of collider would be too close to the threshold [^,|^ . 

Without heavy neutrinos the process e~e~ —> W~W~ is negligible small. 
The reason is that light (left-handed) neutrinos are (almost) massless and 
such conditions cause that Majorana neutrinos are not distinguishable from 
Dirac neutrinos (actually they decouple to Weyl spinors) and the lepton 
number is conserved (see for details). Contribution of a left-handed 
doubly charged Higgs particle in s-channel is negligible, too |^. Apart from 
heavy neutrinos, right-handed resonance is important for this process, 
too. This case will be discussed later. 

I give up here writing down the helicity amplitudes for this process. They 
can be found in 1 . 0 . Two facts are important. Firstly, as all heavy 


neutrinos are exchanged, the amplitude is a sum of all of them. Secondly, we 
have checked that for the e“e“ — W~W~ process the helicity amplitudes 
with purely left-handed or purely right-handed electrons, proportional to 
the heavy neutrino masses, are dominant These helicity amplitudes 


include either a square of the K mixing matrix elements collision) or 

a square of the Kr ones (e)^e]j collision). That is why these two facts cause 
that interferences among contributions from different neutrinos can appear 
if some K or Kr elements are complex. Let’s discuss these effects more 
carefully now. 


4.1 CP violation effects in the e e 
(‘see-saw’ model) 


W W process 


Similarly to the discussion of CP effects in the e e+ —>• vN process (Section 
3) we choose the neutrino mass matrix Mr in the form 

/e*“M 10 20 


Mr = 


10 2e*^M 10 

V 20 10 3e*T'M 


(4.1) 
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Matrix mu is the same as in Eq.(3.22). 

Fig.13 gives results for the LR model where the above parameterization 
was used. 



0 2000 4000 6000 

v/s [GeV] 


Fig.13. Process e-e" ^ WfWf (LR model) for Mi =200 GeV, M 2 =400 GeV, 
M 3 =600 GeV (Eq.(4.1)) and Mwz =1600 GeV when GP parity is conserved in the lepton 
sector. 

The shape of these lines can be understood in the following way. 

If all diagonal elements Mj (i=l,2,3) of the matrix M/j (Eq.(4.1)) are 
real and positive (a = /3 = j = 0) then the eigenvalues of the neutrino mass 
matrix are also positive and the CP symmetry is conserved if the CP parities 
of heavy neutrinos are the same and equal 

rjcpiN^) = rjcp{N^) = ricp^No) = +i. (4.2) 

The same happens when all masses Mi, M 2 , M 3 are real, negative {a = j3 = 
7 = tt). Then CP is also conserved if CP parities of neutrinos are negative. 
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imaginary 


— rjcp{N^) — ricp^No) — —i. (4.3) 


In both cases above the mixing matrix elements {K, i=4,5,6 are 

either pure real (a = /9 = 7 = 0 ) or pure imaginary (a = /9 = 7 = tt). 
As it was already mentioned the dominant helicity amplitudes include either 
a square of the K mixing matrix elements (e^e^ collision) or a square of 
the Kr ones collision) and a summation must be carried out over all 

exchanged heavy neutrinos. That is why constructive contribution from all 
heavy neutrinos is present for Q; = /5 = 7 = 0 , 7 r (solid line on Fig.l3). In 
the case of mixing CP parities the CP symmetry is also conserved but the 
destructive interference between contributions from various neutrinos causes 
that the cross section decreases. In this case some of (iP, i=4,5,6 

matrix elements are real and some are imaginary. 

To obtain these CP effects several K or Kr matrix elements must interfere 
in the same helicity amplitude. The structure of the chosen neutrino mass 
matrix causes that iPen n=4,5,6 matrix elements are of the similar order 


TPm I~ ^ >1 iPe5 1^ ^ >1 |~ ^ 


Ma 




e6 




(4.4) 


but only one suitable element of the Kr matrix is large (see Eq.(2.11)) 


I A'/J |e4~ 1 >>| (A'/j)gJ i = 5,6. (4.5) 

This property causes that only if the K matrix elements contribute to the 
cross section in the visible way collision), the CP breaking is seen. It 

is just the case for two light gauge bosons hPf hPf production where hPf 
couples predominantly with left-handed electrons (Eq.(B.21)). If the contri¬ 
bution with CrCr helicity amplitude becomes important, then the CP sym¬ 
metry effect decreases. That is why the effect is visible only outside the 
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resonance region where only one right-handed mixing matrix Kn gives 
essential contribution (Eq.(4.5)) and the interference has no importance. It 
also means that the CP symmetry effect is more visible for the larger Mw 2 , 
when cos.^ —1 (Eq.(B.21)). 

If the CP symmetry is violated (phases a, P, ■j ^ 0, n), the cross sections 
he between two limiting lines in Fig. 13. 

The effects of the CP symmetry in the RHS model is depicted in Fig. 14. 
For the same energy with the same mass matrix parameterization the effects 
are practically the same as those in the L-R model. 



Fig. 14. Process e-e” ^ WfWf (RHS model) for Mi =200 GeV, M 2 =400 GeV, 
M 3 =600 GeV when GP parity is conserved in the lepton sector. 

We can see that although CP effects are quite interesting the cross sections 
are very small. It is shown in Fig.15 where the cross section as the function 
of heavy neutrino mass is carried out for a classical ‘see-saw’ model (i^Are ~ 
l/Mi,). 

The signal from the e“e“ — W~W~ process is so clean (the only impor- 
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tant SM background comes from the e“e“ —»• W~W~i'e^e process and 
can be suppressed by appropriate kinematical cuts) that as small as a = 0.1 
fb cross section is enough for possible process discovery ^2 . 



M [GeV] 

Fig.15. The cross section for the e~e~ W~W~ process as a function of the heavy 
neutrino mass for the classical ‘see-saw’ models, where the mixing angles between light 
and heavy neutrinos are proportional to the inverse of mass of the heavy neutrino. 

However, as we know from previous sections we can expect that results 

can be quite different for ‘non-decoupling’ models. 

4.2 ‘Non-decoupling model and the e“e“ ^ W~W~ pro¬ 
cess 

Now I would like to establish how big the utmost cross section for the e~e~ —>■ 
W~W~ process can be. We can hnd in literature quite optimistic estimations 
for that [^. I will show here similarly to the e“e^ —> uN case how ‘maximal’ 
results depend on the number of heavy neutrinos. 
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• riR = 1 


If CP parities of all heavy neutrinos are the same or we have only one 
right-handed neutrino then the e“e“ —> W~W~ process is very small, much 
below cr =0.1 fb (here a very restrictive bound on mixing angle (Eq-(2.23)) 
and the proportionality of the cross section to the fourth power of this factor 
are crucial). 

•Ur = 2 

We can have here large iP^ve values (Eq.(2.31)) but only when A —> 1 so 
two degenerate Majorana neutrinos (Mi = M 2 ) with opposite CP parities 
appear which correspond to a one Dirac neutrino. As a Dirac neutrino con¬ 
serves the lepton number the cross section vanishes. It can be understood 
easily in a different way, too. Helicity amplitudes are proportional to 
mixing (two the same vertices in t and u channels (Fig.12)) and the am¬ 
plitude is a sum over two exchanged heavy neutrinos of equal mass. Then 
contributions from these two neutrinos are the same apart from a relative 
sign which is opposite (A'Are’s are pure real and complex for them). 

• n/j = 3 

The case with ur = 3 changes situation and the most optimistic results for 
this case are shown in Fig.l 6 . Taking r]cp{Ni) = r]cp{N 2 ) = —t]cp{N^) = i 
and Ml = M, M 2 = AM, M 3 = BM we can find values A,B (masses of 
heavy neutrinos) for which mixings of heavy neutrinos are such (Fqs.(2.32)- 
(2.35)) that a{e~e~ —> W~W~) reaches the maximal value|^. This situation 

®Careful reader could noted contradiction between conclusions about CP effects in 
previous subsection (‘see-saw’ model) and this given for the ‘non-decoupling’ model. 
In Figs.13,14 the solid line represents constructive interferences among different heavy 
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takes place for a very heavy second (A >> 1) and a heavier third neutrino 
(B 2 — 10). In this Figure I depict also the cross section for production 
of the lightest heavy neutrinos with the mass M in the e’''e“ —uN process 
taking exactly the same mixing angle iFvie as for the e“e“ —> W~W~ pro¬ 
cess. 

We can see that 

(i) everywhere in the possible region of phase space the production of 
heavy neutrinos in the e’''e“ process has greater cross section than the lepton 
violating process e~e~. It is impossible to hnd such mixing angles and masses 
which would show the opposite. 

(ii) there are regions of heavy neutrino masses outside the phase space 

for their production in the e+e“ process where the AL = 2 process e“e“ — 
W~W~ is still a possible place to look for heavy neutrinos. It is a small 
region 1 TeV < M < 1.1 TeV for ^/s = 1 TeV, 1.5 TeV < M < 2 TeV 
for = 1.5 TeV and 2 TeV < M < 3.1 TeV for ^/s = 2 TeV where the 

cross section a{e~e~ W~W~) is still above the ‘detection limit’. There 
is no such place with the y/s = 0.5 TeV collider. The experimental value 
of (see Eq.(2.16)) would have to be below ~ 0.004, ~ 0.003, ~ 0.002 for 
y/s = 1,1.5, 2 TeV respectively to cause these regions to vanish. 


neutrinos contributions - cross section is the biggest (CP parities of heavy neutrinos 
are the same). For the ‘non-decoupling’ model, however, biggest results can be ob¬ 
tained when neutrinos have unlike CP parities (Section 2). The reason for this is that 
for the ‘non-decoupling’ model contribution of some heavy neutrino with mixing angle 
Knb dominates over others and CP effects as discussed for the ‘see-saw’ model vanish 
{K^e's in the ‘see-saw’ model are comparable and interferences can appear (Eq.(4.4)). As 
(^Ve)*„on-dec.' » {KNe)^seesaw' ^nd Consequently cr(e-e- ^ IT"IT")‘„o«-dec.' » 
CT(e“e“ ^ W~W~)^see-saw' the conclusions about CP effects are quite different. 
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Fig.16. The cross sections for the e+e“ ^ Nv and e“e“ ^ W~W~ processes as a 
function of the lightest neutrino mass Mi = M for different CM energies (the curves de¬ 
noted by F05, FIO, F15 and F20 depicted the cross section for both processes for y/s =0.5, 
1, 1.5 and 2 TeV respectively) for n_R = 3. The cross sections for the e~e~ W~W~ pro¬ 
cess are chosen to be the largest. For the e+e” ^ Ni/ reaction the cross section for each 
of neutrino masses is calculated using the same parameters as for a{e~e~ W~W~). 
The solid line parallel to the M axis gives the predicted ‘detection limit’ (cr = 0.1 fb) for 
the e“e“ ^ W~W~ process. 


The above results are exact for the RHS model. In the LR model the 
situation is different as doubly charged Higgs particles exist and a resonance 
can appear. This situation is summarized on Fig. 17 [[6^1 . 

The total decay width for the is taken to be 10 GeV. We can see 
that even for CM energies ~ dT^— out of resonance peak the s channel 

R 

contribution dominates over t and u channel ones. The reason is that for 
^/s < 500 GeV contributions of t and u channels are below a = 0.1 fb 
for almost all allowed space of parameters (see Fig.16). Specially promising 
results are when is very close to its experimental limit (|2l|). 
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Fig.17. The cross sections for the e~e~ W~W~ process with resonance 
[Mg--=200 GeV) as a CM energy function. The solid line represents the total cross 
section with contribution from t,u and s channels altogether, the dashed line depicts the 
cross section after removing contributions of t and u channels. 

We would like to point out that doubly charged Higgs particle detection in 
s channel would also indicate that heavy neutrinos exist. The reason is that 
coupling of the Higgs particle with electrons is proportional to neutrino 
masses and the light neutrinos alone are not sufficient to give detectable 
s-channel signal in the e“e“ —>• W~W~ process [[6^1 . 
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5 Conclusions 


None of the nonstandard processes involving a heavy neutrino has ever been 
detected. In this Thesis I have discussed possibilities of their detection by 
the e“e^ —vN and the e“e“ —> W~W~ processes which are the most 
promising reactions in the NLC. Cross sections for these processes are very 
sensitive to the heavy neutrino mixing angle with an electron ((T(e“e+ — 
vN) a(e e —> hh hh ) ~ In the framework of the ‘see¬ 

saw’ class of models this mixing angle is connected with a heavy neutrino 
mass and because this mass is large (> Mz) the mixing angle is small and 
decreases with a heavy neutrino mass. It causes that cross sections are very 
small for the e“e^ —uN process and detectable only for not too heavy 
neutrinos (Fig.6). CP effects are important when two heavy neutrinos are 
produced (no helicity suppression factors above threshold) with the changes 
in the cross sections which result from the CP breaking phases and which 
can be several times larger than the cross sections themselves (Figs.4 and 5). 
Although CP effects are quite interesting in the framework of the ‘see-saw’ 
model for the e~e~ W~W~ process, too (Figs.13,14), the values of cross 
sections are so small that there is practically no chance for process detection 
(Fig.15). However, there are other (‘non-decoupling’) models where mixing 
angles are independent of heavy neutrino masses and can be large - the only 
restriction on their values comes from experimental data. The goal of this 
Thesis has been to show that taking into account all stringent limits on heavy 
neutrino mixing angles and masses the heavy neutrinos can still be detected 
through both the e“e+ —uN process (Figs.7-11) and the e“e“ — W~W~ 
process (Figs. 16-17) in future linear colliders. From the results given there 
we can also deduce how much those low-energy limits would have to change 
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in future to cause that these processes would be below detection and also, 
what possibly detection would tell us about heavy neutrinos themselves. It 
appears that to get signihcant cross sections the two characteristics of heavy 
neutrinos are crucial: their number and CP eigenvalues. The detectable cross 
sections can be obtained only when > 1 and when heavy neutrinos have 
unlike CP parities. Then the cross section for the e“e+ —> vN process can 
be as large as cr ~ 275 fb for tir = 2 and ^/s = 1 TeV (and similarly for 
Ur > 2) and heavy neutrinos can be discovered by electrons detection in the 
u{N —> e~W^) chain (backward distribution). 

The cross section for the e“e“ — W~W~ process is still under detection 
when Ur = 2. If = 3 then there is a possible space of heavy neutrino- 
electron mixing angles and heavy neutrino masses where the process e“e“ —> 
W~W~ can be detected for y/s > 500 GeV. For y/s < 500 GeV the 5]^~ 
resonance (LR model) can enhance the process collision) specially 

when a mass of the additional charged gauge boson is below 1 TeV. The 
discovery of the doubly charged Higgs particle through the e“e“ s-channel 
resonance would be also an (indirect) indication that heavy neutrinos exist. 


51 



6 Appendix A. Neutrino mass matrices, their 
diagonalization and mixing matrices 

I consider two types of gauge models. 

RHS model 

This model is based on SU {2)l®U (l)y gauge group. The left handed lepton 
helds are put in doublets and transformed according to SU(2) representation 
(the quantum numbers of weak isospin and hypercharge (Ts^, Y) are given 
in brackets) 

L^L = ( ^ -\) ’ ^ 

meanwhile the right-handed lepton helds are SU(2) singlets 

^Ry Uj • (0) ~2), 

^jR = ^iR, ^2R, ••• : (0,0). (A.2) 

The only difference between this model and the standard, GWS model is 
caused by the presence of the right-handed neutrino helds. The remaining 
part of the model is exactly the same (quark, Higgs sector). That means 
that the lepton part of the Lagrangian allowed by the gauge symmetry is the 
following 


Lleptons — iLiDLi + UrDIr Y wrDur 

— h\LL^lR\ — K'[Ll(1)Vr\ — -u‘i{Mr)ur + h.c. (A.3) 

where (f) denotes a Higgs doublet (J) = e(j)* = —0°*)^^ 
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(4>«\ 

= -f 

\4>-J 



X' 


(A.4) 


D = 7 ^-Do and covariant derivative has the form 


^ ^ — ig^Wfj, — for doublets 

for singlets. 


d, - \YB, 


(A.5) 


Matrices h\ of 3 x 3 and 3 x (3 + tir) dimensions, respectively, describe 
couplings of lepton helds with Higgs helds and the symbol ‘n' in Eq.(A.4) 
describes Standard Model’s vacuum expectation value. So, besides lepton- 
Higgs held couplings the Lagrangian include mass terms for leptons 


= -iLruHn - VLmDVR - + h.c. 


h'-'v 


2 

Uv 


rriD = 


m = 


v^’ V2' 

Full mass Lagrangian for neutrinos can be rewritten as follows 


' neutrinos 


= -n 


0 niD 
\ rri^ M, 




^R 


+ h.c. 


where neutrino mass matrix has (3 + ur) x (3 + ur) dimension 


nu 


M. = 


0 }3 

Mr J juR ■ 


(A.6) 

(A.7) 


(A.8) 


(A.9) 


Perturbative calculations demand to have | \ij, \ U \ij< 1, so all elements 
of the rriD matrix (3x3 dimension) are utmost of the order of charged lepton 
masses. Then, if we want to be consistent with the experimental data, matrix 
Mr of the Ur X Ur dimension must fullhl inequalities {mR,)ij « {MR)ij > 
100 GeV. 
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We can construct Majorana neutrinos {vm = ^m) 


i^M = yR + 


and then, using unitary matrix U in the form 


U 


3+ni{ 



}3 

}nR 


we can diagonalize matrix 


U^MM = 


(A.10) 


(A.ll) 


(A.12) 


Thanks to this transformation we obtain simultaneously mixing matrix among 
weak (z/m) and physical (iV) states 

S+rtfl 

Ni = ^ UijVMj- (A. 13) 

i=i 

Eventually the mass Lagrangian takes a form 

S+nfl 

2ir.‘r = - E (A,14) 

2=1 


Mass matrix for charged leptons m} is diagonalized by unitary matrix U\^ 


i'"*”” = - E Jt 


(A.15) 


l=l 


where 


i = uii. 


(A.16) 


LR model 

This model is based on the SU{2)l ® SU (2)r 0 U{1)b-l gauge group. Lep¬ 
ton sector is the reflection of this symmetry. The left and right lepton (and 
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quark) states are included in doublets (the quantum numbers connected with 
SU{2)l, SU{2)r and 17(1) gauge groups, {T 3 l,T 3 r, Y) respectively, are in¬ 
cluded in brackets) 


d'iL = 




: ( 2 , 1 ,- 1 ), = 


( 1 , 2 ,- 1 ) 


(A. 17) 


R 


where index i for neutrinos and Ij for leptons stand for e, /i, r. 

Higgs sector can be realized on many ways in this model |^. Classical 
model which I use here includes a bidoublet and two triplets 


^L,R — 


(A. 18) 
(A. 19) 


_ ( ^l,r /\ 

^L,R ~^L,r/^ ) 

Spontaneous symmetry breaking mechanism minimalizes Higgs potential 
for the following choice of the vacuum expectation values of the Srr , 0^2 
helds 


< <h >= 


0 

V 0 R2/V2 


< ^L,R > — 


(A.20) 


0 O' 

.vl,r/V^ oJ 

In this model the lepton part of the Lagrangian allowed by gauge sym¬ 
metry takes the form 


Lleptons — Ly + Ly+L^ = i'^LD^L + i^RD'^R -^R 

— ^ LCiT 2 hL^L'^ L — ^ RCiT 2 hRAR^ R 

where 

0 = r20V2, 

D = -y^D^ and equals 


\ dfj_ — ig\WL^ + for left spinors 

^ I 0^ — ig^WR^ + for right spinors. 


h0 -|- h(f) 


^R 

(A.21) 


(A.22) 
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The left-right symmetry forces the following relations 


h = , h = , hi = Hr. (A.23) 


Let’s assume that left triplet does not condensate (ul = 0) - this ensures 
that unnaturally small values of parameters in Higgs potential are absent. 
Discussion of necessity (and naturality) for such choice has been carried out 

m, \i 


m 


and then the mass matrix for neutrinos is of the type 


where 


M, = 


0 mo' 

rriR Mr^ 


}3 

}3 


rriD = {fiKi + hK‘2^ and Mr = \/ 2 hRVR 


(A.24) 


(A.25) 


are hermitian and symmetric matrices of dimension 3, respectively. Masses 
of charged leptons come from the same Yukawa couplings 


m 


i 


1 

71 


{hK2 h-Ki) . 


(A.26) 


Similarly to the previous model we can dehne matrices U, which transform 
weak neutrino and charged lepton states to the physical ones and to get mass 
matrices as in Eq.(A.14) (with ur = 3) and in Eq.(A.15). 

Together we get three light neutrinos and three heavy ones of the order 
of Vr {vr » Ki,K2). 

® The interest is in /3ijd2,d3 parameters which multiply terms which mix A/, fields 
with A/{ ones, for instance (|@, (A.2)): /Jrl'TrldA/jd^A)^] + Tr[d'lAidA)j]). Consis¬ 
tency between potential minimalization (which gives relation where vl ~ di) and any 
allowed spectrum of light neutrino masses (mass matrix for light neutrinos is on the 
other hand proportional to vl) demand (3i < 10“® |p3. Discrete symmetry of the type 
Al ^ A_r, A_r —Al can eliminate this difficulty Q. 


56 






7 Appendix B. Couplings of neutrinos in 
charged and neutral currents. Couplings 
of neutrinos with Higgs particles 

In this Appendix I describe all relevant couplings which must be known for 
numerical calculations of the considered processes —*• NaNh (Section 3) 

and e~e~ —>• W~W~ (Section 4). 

RHS model 

Charged and neutral currents have the form as in the SM 

Lee = -j^^^L'y%LW+ + h.c., (B.l) 

-hve = 7^— ^ — Zf^PiL'y^UiL. (B.2) 

/ cos 

These interactions can be written using relations (A. 13),(A. 16) in a base of 
physical states 

Lee = ^Ni^KPjw; + h.c., (B.3) 

LNe = ^ \ Z^ Y. Na^PL^abm 

2 cos Uw Yh 

= (B.4) 

Z cos u\/[/ dab “T i 

where I have used the following denotations^^ 

K = ului, n = uIul. ( b . 5 ) 

Similarly, writing down Yukawa interaction in physical states we get 
ZMw a 

^^without loosing generality the matrix U'l can be chosen as the identity one j2^ and 
such approach is used in this Thesis. 
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. = -^x(X UPr(K'U< - + h.c. 

(B.6) 

for vertices which include two Dirac fermion particles (‘Dirac-Dirac’ vertex) 
or one Dirac and one Majorana particles (‘Dirac-Majorana’ vertex). 

For ‘Majorana-Majorana’ vertices: 


tM-M firO 
ukawa\^ 


9 


2M, 


{NAbnibPRNb + Nam^QabPLNb) 


w a,b 

9 rrO 1 


-H' 


2Mw 5ab + 1 

^ Na [PRinabm^ + + PLiQabm^ + 

a>b 


N\ 


N, 


(B.7) 


T M-M 
-^Yukawa 


(/) 


E (Nanabm^PRm - Nam^nabPLNb) 

a,b 




2M\\r 


■V—^ 

^ab + 1 

PRiSlabm^ + nib^a) - Pli^abm^ + ) 


a>b 


m 


(B.8) 


LR model 

This model involves two pairs of charged and neutral gauge bosons. Their 
masses come from the kinetic part of the Higgs Lagrangian 

Lk^net = Tr{Dy)\D^<p)+Tr{D^AL)\D^AL)+Tr{D^AR)\D^AR) (B.9) 
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where 


D^^c|) = d^(j) - ig^(j)WLt, + igcp^WRf, 


D^^L,R — d^i^L,R — *5'hhL,R^[—, ^L,r\ — ig' 


(B.IO) 


Writing at length this Lagrangian we obtain after spontaneous symmetry 
breaking (Eq.(A.20)) mass matrices for gauge helds = k\ + 


Ml = 


9 




-AkiK2 


^ 4 \-AkiK2 + 2n| 


Ml = 


2 


0 


/ ^4 

iinl + Avl) -Agg’vl 


(B.ll) 


(B.12) 


\ 0 -Agg'vi Ag'^vj, 

Let’s take unitary matrices which transform weak gauge boson states to 
physical states in the form 

(Wt 


\w} 


for the charged sector and 


^ cosC 

\sinC 



iwt 


VW', 


(B.13) 


R 


(zA 

^ Cy/C, 

— SwCmC — SmS, 

— SwSmC + CmS \ 

(W,L 

Z2 = 

CwS, 

— SwCmS + SmC, 

— SwSmS — CmC 


[a) 

\ sw, 

CwCm, 

CwSm j 

^ B 


(B.14) 


for the neutral one, where 


cvK = cos ©vi/, sw = sin ©vk, c = cos0, s = sin cj), 

lcos2Qw 

Cm —tan ©ly, sm — - ^ -• 

cos ©ly 

Transformations (B.13) and (B.14) dehne two mixing angles (j) and masses 
of gauge bosons which with good approximation are 

2k,iK 2 Ml^ 


c ^ 


f4 + rI Ml^ ’ 


(cos2©vt3)^/^M^^ 

2 cos^ Qw Ml^ 
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/\/f2 ^ 4- A/f^ ~ 

— f, 1^1 + l^2>^ — o 


(B.15) 


~ (,-} + 4t ~ 2 /cos^9h> , 

- 2cos2e„''‘' + ''2*’ - cos2e„ “«■ 

Let’s note that relations (A.25) with < 1 and (B.15) gives upper bound 
on heavy neutrino masses 


Mn ^ 


2M, 


W2 


9 


(B.17) 


Using transformations (A. 13), (A. 16) we can state charged and neutral cur¬ 
rents as follows 1661 


ice = AE^7" Ut’PL + A'^SPr] iw+ + h.c., 

V 2 j=i 


id) 


(h 


and 


2 _ 


Y.IYlAiPL + KPnVZ., 


tD-d _ 9 

2 cos Qw 

for ‘Dirac-Dirac’ vertex. For ‘Majorana-Majorana’ ones we have 

Lnc^ = o \ Zi,Y.Nal^(PL{^L)abAt + PR{nnUA%)N, 
z cos 


a,b 


9 


2 cos 0 


-^2/2. 


W Oab 


^ab + 1 


(B.18) 


(B.19) 


X E Y.YUt + A%)(PR(ih),b - Pa(flRU + (Pr - PR)A'!^S,bWb 


a>b 


(B.20) 

where (a stands for leptons (a=e,/i, r) and P stands for neutrinos (/3 = 

1 ,..., 6 )) 


= cose (^i)a/3 > = - sine , 

’ (^20= cose (^i?)a/3 , 


(B.21) 
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and 


= 9t% cos 0 + [2) sin 0, 


= q'^T = —1 + 2 sin^ 0 


9l — 9 L 

til 


w 


^21 






sin^e 


9 L — 9l — 9 L — 9l — 

Xi/ /2u -| It/ /2z/ 

9l = 9 L = ^ 9r = 9 R = 0 


w 


a/cos20i^ 


it /2/ rt • z r\ 

9R=9R = ^sm 0 


M/ 


5 '^i? — —g‘^lR — 


9'r = -9‘^J^r = 


1-3 sin^ 0 


w 


a/cOS^©^ 
COS^ 0VI/ 

-\/cos20vi/ 


(B.22) 

(B.23) 

(B.24) 

(B.25) 

(B.26) 

(B.27) 


Let’s note that the nentral part of this Lagrangian for charged leptons 
conserves the lepton flavonr. Mixing matrices iLn,/? and ^l,r have 6 x 3, 6 x 6 
dimensions, respectively and are connected with transformation of helds to 
physical statesQ 


Kl = k = [/[[/[, Kn = i/I,uj„ nL = n = [/lUL, nR = [/j,[/R. (b.28) 


In the paper I consider the inflnence of the LR model’s Higgs sector on 
the e’''e“ —>■ i/N cross section. The value of this cross section depends both 
on the Higgs bosons masses and on their couplings with leptons. The form 
of the Higgs potential from which Higgs particles’ masses can be obtained 


is large. Full discussion of the Higgs potential diagonalization and their 


couplings with neutrinos have been performed in and . I will restrict 


here only to showing indispensable relations for e+e —>■ izN analysis. 

Similarly to the RHS model (Eq.(B.5)) we can choose charged lepton mixing matrices 
^L,R as identity. We denote matrices and which enter in left-handed currents 
exactly as in the RHS model to make discussion of their meaning common through this 
Thesis (Sections 3 and 4). 
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Higgs fields give altogether 20 degrees of freedom. Minimalization of the 
Higgs potential gives 16 different particles (denotations according to PS[|): 


• 4 Goldstone’ bosons ,_r) , 

• 6 neutral Higgs bosons {Hq, 

• 2 single charged particles 

• 2 doubly charged particles (5^^). 

Considering the existing experimental data it is justified to assume that 



(B.29) 


and, taking into account energies for which we make investigations, ^/s >> 
rrie — 0. Then it turns out that only two neutral Higgs particles H^, A^ 
and two charged ones have nonzero couplings with leptons (Fig.2). 

Masses of these particles are 



(B.30) 


where 



Their couplings with leptons (Eq.(A.21) are (symbols x=lN,l,N are 
taken from Appendix C) 
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exchange (X ^ 


= ^ i: (A-')j-^-L^«- (B.31) 

c=4,5,6 

• exchange (aa = 




mf {K)^^ea2 Pl + 


(B.32) 


- E i^L\c^c {KR),,a2 + ^ _ 

c=4,5,6 c=4,5,6 




p. 


H» 


r,« = - [h^') 


N 

ea2 


Pr + 


(B.33) 




c=4,5,6 ' c=4,5,6 

neutral particles’ exchange H^, and 


Pl. 


Let’s denote 


An ~ 


yVT^ 


:2 L 


Bn ~ -m - 


- iA? 
e 


y “ i/Vl - e2 L 


Hi + 


(B.34) 


then couplings (e e^iL) and [NaNbH) can be written in the form 


r, ({HS},//f,4; 




c=4,5,6 




iJ 


c=4,5,6 


Pl, (B.35) 
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(let’s note that the lightest Higgs particle Hq does not couple with e e+ pair 
if we neglect the mass of electron) 


- i((si)L< + 

+ E ((A'-)« (A«)„, + (A-)^ (A'„) J AolPi. 

l=fi,r 

(B.36) 
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8 Appendix C. Feynman rules for Majorana 
neutrino interactions 


Majorana neutrinos are self-conjugate spin one half fields. Their self-conjugacy 
is responsible for the existence of four different propagators in contrary to 
the Dirac neutrino case where only one propagator exists. This property 
gives also bigger number of vertices and the problem with establishing rel¬ 
ative signatures of various diagrams contributing to a given amplitude. We 
can however, similarly to the Dirac case, introduce the Feynman diagram 
technique which in a consistent way describes Majorana particles both for 
charged and neutral currents. 

Let’s dehne a general form of Majorana particle interactions with gauge 
helds in the following way (N - Majorana neutrino, 1 - charged lepton, 

- gauge bosons) 


Lee = iVTf/w; + /T fATF- 

L^e = + NT%NZl = ^ W W 


= ITIJZ^, + 


^ TT 




^ a>b 


= ivuz^, + 


ZAf^^/i ^ TT 

dah + l 


< a>b 


c 


n + K 


J ab 


N, 


(C.l) 


(C.2) 


where 


and 


rj;, = Y {PlA'l' + PnA"’) , 3 : = I, JV, IN, 

rf = 7orryo 




(C.3) 

(C.4) 

(C.5) 
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Making algebraic manipulations in Eq.(C.2) we have used self-conjugacy of 
Majorana field = CN'^ = N). Similarly, let’s define Majorana particle 
- Higgs boson interaction 

= NT 1 IH+ + WiNH- (C.6) 

+ NTmNH'^ = E N, 

a,b 

= itinIh^ + h^-^ (^iv4(r^) + (r^)^l nA (c.7) 

+ L iab j 

where 

r(,) = (PlB^A + PrS^^) ,X = 1,N, IN, (C.8) 

fz = 7orz^7o (C.9) 

and 

r^ = c'r^c'-b (c.io) 

Two remarks are necessary. Firstly, we would like to read out a form of 
appropriate vertices for Majorana particles directly from Lagrangian as is in 
the case of Dirac fermions both in QED and QCD. The above form of the 
Lagrangian satishes this demand, for instance, the contents of the rectangle 
brackets in Eqs.(C.2),(C.7) describe Majorana-Majorana-boson vertices (up 
to the i factor). Secondly, I consider two non-standard models in this Thesis. 
In the previous Appendices I have written down the Lagrangian and/or cou¬ 
plings of particles in these models I need through the Thesis, in agreement 
with the above denotations, so vertices can be easily read from them. 

Let’s proceed to Feynman rules for any process involving Majorana par¬ 
ticles. These rules are based on the following procedure that we should 
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perform: 

(i) attribute spinors to fermion lines on the given Feynman diagram (not 
only to external lines); 

(ii) set up a form of vertices; 

(iii) build up a propagator in the way to get a Dirac type one; 

(iv) establish related sign between different diagrams. 

Ad.(i); Spinors 

For the Majorana-charged lepton coupling with charged gauge (Higgs) 
bosons (let’s call it ‘Majorana-Dirac’ coupling) the spinors’ attribution to 
the Majorana line depends on the nature of the Dirac line 
(a) For incoming Dirac particle (antiparticle) the outgoing Majorana fermion 
must be treated as a particle (antiparticle) 

Dirac particle (antiparticle) _ u(y) 

|| or 

) 


(b) For outgoing Dirac particle (antiparticle) the incoming Majorana 
fermion must be treated as a particle (antiparticle) 

u{v) -Dirac particle (antiparticle) 

or 


We can see that for the Dirac-Majorana transition the attribution of 
spinors to Majorana lines is definitive. This is not the case for neutral 
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Majorana-Majorana-neutral boson couplings (let’s call it ‘Majorana-Major ana’ 
couplings). Here we can treat a Majorana fermion as a particle or an an¬ 
tiparticle 

u{v) -r- u{v) 

\ ZO or 

If the ‘fermion flow’ on the diagram is opposite to the momentum flow 
then we can use the relation 


u{±k) = n(=F/c) 


to change its direction. 
Ad.(ii) Vertices 


(a) For a Dirac-Majorana coupling with a charged boson we have 


or iT± 


irf* for outgoing W~ or incoming W~^ 
zFf* for outgoing W~^ or incoming W~ 
iTi for outgoing H~ or incoming 
iTi for outgoing H~^ or incoming H~ 


(b) For a Majorana-Majorana coupling with a neutral boson we have 


ZO or ho 




for 


J ab 

z [r -f r^] for H° 



Ad.(iii) Propagators 

We build up an amplitude in a way to get only one type of propagator for 
a virtual Majorana particle, the same as for the Dirac case which we build 
from u-type spinors 


u{k)u{k) 


^ E 

spin{X) 


u{k, \)u{k, A) 

k2 _ ^2 _|_ 


i{k + m) 

k2 _ ^2 _|_ 


iS{k) 


To do it we may sometimes need useful relations between spinors 


VbOUa = VaO^Ub] UbOUa = UaO^Ub (C.ll) 

where O = (P^^, P) and = CO^C-\ 

If both (Majorana) spinors a and b describe external particles we have to 
take relations (C.ll) with the minus sign. 


Ad.(iv): Sign convention 

The amplitude is used to calculate the cross section so we need to know 
only a relative sign between various diagrams. This relative sign can be 
established as follows: 

• choose any Feynman diagram which we call a reference diagram. In 
this diagram fermions appear in a given order; 

• compare all the other diagrams with the reference one. Permute fermions 
in their ‘fermion chain’ to get the same order as in the reference one; 

• if parity of the permutation is odd (even) then we change (unchange) 
signature of the amplitude. 

Examples can be found in (see also |@). These rules can be applied to 
loops diagrams, too (i^,[|6^). 
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